Abstract Based on results from bench-scale flow-film-reactors (FFR) and aerated cascade photoreactors, a solar catalytic pilot plant has been built at the site of a textile factory. This plant has an illuminated surface area of 50 m 2 and is designed for the treatment of 1 m 3 h -1 of wastewater. The preliminary results are presented and compared with a bench-scale FFR using textile wastewater and dichloroacetic acid. Equivalent degradation kinetics were obtained and it was demonstrated that the solar catalytic technology is able to remove recalcitrant compounds and color. However, on-site optimization is still necessary for wastewater reuse and for an economic application.
Introduction
Large quantities, a strong coloring and a limited biodegradability characterize textile wastewater. Textile factories are widespread in Tunisia and most of the companies pretreat the effluents by flocculation-coagulation before discharge into the sewer system. However, the TOC and color removal by precipitation is very limited and is not sufficient for wastewater reuse. Photocatalysis has been demonstrated to be suitable for the oxidation of dyes (Hung et al., 2001) , surfactants (Glover et al., 2000) and textile wastewater (Geissen et al., 2000) at laboratory and pilot scale. A very fast decolorization and TOC degradation is obtained (Freudenhammer et al., 1997) and possibilities of reuse are identified. The use of solar energy for textile wastewater reuse is of great interest because many textile factories are located in sun-rich, arid Third Countries and are consuming large quantities of water.
Based on results from bench-scale flow-film-reactors (FFR) and aerated cascade photoreactors (ACPs), a pilot plant has been built at the site of a textile factory in Tunisia (Menzel Temime). The FFR was chosen because previous studies (Freudenhammer et al., 1997) showed sufficient degradation rates with the selected textile wastewater in combination with its simple, low cost construction and the low energy consumption. However, to integrate results obtained with suspended catalysts showing in some cases a higher efficiency than the fixed system (Geissen et al., 2001) , the possibility of using suspended catalysts has also been considered.
Materials and methods

Presentation of the plant
The pilot plant is set up in a textile factory whose main activities are: dyeing, sewing and washing, which discharges 430 m 3 of wastewater per day. The construction is made out of concrete. Figure 1 presents the flow chart of the solar catalytic pilot plant. The plant is connected to the outlet of the pre-treatment plant of the textile factory. The pre-treated wastewater can be stored and equalized in a tank B00 (V = 15 m 3 ) before it flows into a small tank B01 (V = 1 m 3 ). The wastewater is pumped to a distributor located at the top of the reactors (FFR I/II), flows in a film over the TiO 2 coated reactor plates (L = 10 m) and is collected in a small tank (B01/02/05).
The two reactor plates with a surface area of 25 m 2 each (Figure 1 ), can be operated in cascade, in parallel, in flow through or recycling mode depending on the reaction kinetics and the requirements. This allows a comparison of different catalysts, fixation techniques, hydrodynamics and effluents/model compounds under identical conditions.
After treatment the wastewater is stored in tank B07 for reuse experiments in the factory. The pilot plant is designed for a flow of 1 m 3 h -1 . Tanks B00 and B07 are equipped with a membrane aeration system and can be used as sequencing batch reactors (SBR) for biological pre-and post-treatment. An automatic injection system of chemical compounds can be used for pH regulation or N/P addition.
The plant can be operated with suspended and fixed catalysts. A sedimentation tank is connected to the reactors (via a storage tank) to separate and recycle the catalyst. The experiments can be carried out in continuous or recycling mode.
The instrumentation and control instruments are installed and connected to a computer system to allow for an automatic operation: pumps and valves control, flow rates, tank levels, UV-A intensity, dissolved oxygen, pH and conductivity. Preliminary tests have been carried out with one reactor (A = 25 m 2 ), which was coated directly with TiO 2 (Degussa P25) and was operated in recycling mode at different flows.
Bench-scale reactor
Hydrodynamic characteristics and degradation results will be compared with the benchscale experiments. The illuminated surface in this case is 1 m 2 , and the photocatalyst P25 is fixed on the glass. The degradation of the model pollutant DCA (5 mmol.L -1 ) is used as a reference.
Pre-treated wastewater
The textile wastewater is widely variable and depends on several parameters such as: fibre nature, chemical auxiliaries, process steps and corresponding efficiencies. It is treated by the flocculation-coagulation process. Table 1 presents the quality of the pre-treated textile wastewater.
The conductivity is high due to the presence of inorganic ions such as sulfates and nitrates (40-80 mg L -1 ) considered as photocatalytic degradation inhibitors (Abdullah et al., 1990) . However, the pH is alkaline and above the PZC (point of zero charge) of TiO 2 (P25) around 6.6, so anions are repelled by the negative surface of the photocatalyst interface. Previous studies have shown that pH = 9 is the optimum.
Experimental conditions
Experiments were carried out with the pilot plant during May and June for 4-5 hours on sunny days. UV-A variation during the time was measured using a Dr. Hoenle pyranometer. Average values were calculated by integration (22-27 W m -2 ). Samples with a volume of 125 mL were withdrawn at different intervals and analyzed by a TOC analyzer (TOC 5050, Shimadzu). The photonic efficiency defined as the ratio of degraded organic carbon to photons available on the reactor surface was calculated. The range of flow rates varied between 0.172 and 0.9 L s -1 .
Results
Physical parameters
Concrete was chosen as the construction material for the solar reactor because of its low cost, its availability, the experience with this material in Third Countries and the possibility to cover it with other photo-active materials. Photocatalytic degradation experiments with the pilot reactor demonstrate a degradation velocity equivalent to glass or concrete as basic materials (Geissen et al., 2000) . Nevertheless, the first experiments on a dry TiO 2 covered reactor surface showed a strong absorption of water by the concrete at the beginning. Figure  2a presents the decrease of the wastewater level in the recycling tank B01. The loss of water is reduced by the evaporation after the initial water uptake by the concrete as the reactor surface is not covered.
Increasing UV-A radiation leads to a linear increase of the evaporation rate as shown in Figure 2b . Taking the sampling volume into account, the evaporation rate (Kv) varies between 475 and 750 mL.h -1 .m -2 ( Table 2) .
The evaporation can be neglected against the first water intake of the concrete, but it is of importance when the UV-A intensity is high, the specific reaction velocity is low, or the required difference in concentration between feed and outlet is high. Data from the bench-scale reactor (Figure 2b ) demonstrate that the measured evaporation rate of the pilot plant is slightly higher but in the same range.
Hydrodynamic parameters
The Reynolds number of the flowing film is calculated by the following expression (Bird et al., 2001) :
where: Q = flow-rate (m 3 s -1 ), ρ = density (1,000 kg m -3 ), W = width of the reactor (2.5 m), η = viscosity (8.91 10 -4 kg.m -1 s -1 ).
The Reynolds numbers of the film in the pilot plant are in the laminar flow regime with rippling (20 < Re < 1,000 to 2,000).
The film thickness (d) and the retention time (tp) of the photocatalytic reactor are important hydrodynamic parameters. The thickness of a water film on an inclined plate within a laminar flow regime is equal to (Bird et al., 2001) 
where: β = reactor inclination (20°). Experimental values of d and tp per unit length (velocity -1 ) of the reactor as a function of the flow rates per unit width (Figures 3a and b) are low compared to the values obtained with the bench-scale reactor (Freudenhammer et al., 1997) and the calculations.
The reasons are the non-ideal distribution system and the unequal reactor surface. A new distribution system and a modified reactor surface are under construction. The fluid dynamic properties of the wastewater are relatively constant and the angle of the reactor is fixed. Therefore, the film thickness and the residence time can be varied by the flow rate only. The film thickness has to be adapted to the mass transfer in the liquid film and to the absorption of the wastewater. The reactor surface properties will also influence both parameters. The retention time (tp) decreases from 21.5 s to 12.5 s (reactor length = 10 m) when the flow increases (Figure 3b) . With respect to the length, the tp values are low but comparable to those obtained with the bench-scale plant (Freudenhammer et al., 1997) due to the high flow rate.
Solar catalytic treatment
The solar catalytic TOC degradation of the pre-treated textile wastewater was corrected for evaporation. The reaction followed zero-order kinetics in the measured range of concentration independently of the specific flow rate. The zero-order kinetic coefficient (K) as well as the degradation rate (R) are summarized in Table 3 for different flows and are compared with data from the bench-scale experiments with pre-treated textile wastewater and the model pollutant DCA. The degradation rate increases with the flow rate and leads to photonic efficiencies (related to TOC degradation) as high as 15%. Figure 4 shows the degradation rate as function of the Reynolds number (up to 1,500) for the textile and the model wastewater (up to 280) in both plants. The higher the Reynolds number the better is the mass transport in the film. The influence of the increasing film thickness which is responsible for UV-A absorption is not of importance for the investigated wastewater. The pH in the bench-scale plant decreases during the treatment of the textile effluents from 12 to 8.5, whereas the decrease of the pH in the pilot reactor is very small. The reason is the alkaline pH of the concrete which readjusts the pH of wastewater.
Conclusions
The solar pilot plant shows a similar behavior and a higher efficiency than the bench-scale plant. The results can be summarized as follows:
• Solar photocatalytic treatment is applicable to textile wastewater post-treatment.
• Concrete is suitable as a reasonable carrier for the photocatalyst without any efficiency losses compared with glass. However, the use of waterproofed concrete or additional layers is absolutely necessary. Further research has to be carried out to test and optimize the interaction between waterproof surfaces and the photocatalyst.
• The costs of the realization and exploitation of the solar catalytic reactor are low. The most costly factor is the land requirement.
• The treatment of 1 m 3 h -1 of wastewater (TOC = 100 mg.L -1 ) needs a surface area of 200 m 2 if the well water used by the factory (TOC = 20 mg.L -1 ) is taken as a reference for reuse and the corresponding degradation rate (405 mg.h -1 .m -2 ) is used. To reach the reuse purpose, the combination of solar catalytic treatment with biological treatment seems to be necessary. This will be tested by using B00 and B07 as SBR reactors. As was shown previously, the solar catalytic treatment will improve the BOD/COD-ratio and therefore a biological post-treatment will reduce the required illuminated surface area.
• The photonic efficiency is comparably high (up to 15 %) but too low for a commercial application today. Several new photocatalysts are tested and it was shown that the efficiency also depends on the wastewater's physical and chemical characteristics. Textile wastewater quality varies widely and the photocatalyst Degussa P25 shows the most stable behavior. However, different new photocatalysts and their mixtures will be tested next.
• The use of a suspended system to eliminate the limitation by the diffusion to the photocatalyst interface is another way to improve the photonic efficiency. This will be tested and compared with the fixed system.
